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SUMMARY 



Section I of this report discusses a correction which 
must "be applied to the heat meter when it is being used at 
other t enperatur es than that at which it was calibrated, as 
the thermoelec tri c power of a thermocouple and the propertie 
of the heat-meter material are a function of temperature. 
Predicted and experimental results for this temperature cor- 
rection are presented. 

Section II of this report contains the results of the 
application of the two methods of correcting the heat- 
transfer rates for contact and heat-meter resistance to ex- 
perimental data taken in the laboratory, 5 ; rom the resulting 
computations certain limitations on the use of the two meth- 
ods were obtained* 



INTRODUCTION 



The theory and use of heat meters for the measurement 
of rates of he?vt transfer which are independent of time have 
been treated in reference 1, Two methods of correcting for 
contact and heat-meter resistance have been derived in ref- 
erence 1 0 

The present report utilizes experimental data to inves- 
tigate the application of the two methods of correction for 
contact and heat-moter resistance. 
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Because some of the properties of the heat meter vary 
with temperature, a correction must "be applied to the heat- 
meter readings when used at t omperatur es other than that at 
which it was calibrated* Predictions of this correction arc 
compared with experimental results obtained at low tempera- 
tures. 

An analysis of the use of the heat meter under transient 
conditions of heat transfer is important. This analysis will 
appear in a forthcoming report. 

This investigation, conducted at the University of 
California, was sponsored "by, and conducted with financial 
assistance from, the National Advisory Committee for Aero- 
nautic s . 

The authors of this paper wish to acknowledge the great 
assistance obtained from the staff of the ivestern Regional 
laboratories in Albany, Calif., where 1 ow- t emperature rooms 
were made available; the ITaval Air Station in Alameda, Calif., 
for the use of winter flying suits in low-temperature rooms; 
and Messrs. D . Turner, H . Poeland, B. E. Morrin, and E, 
Bromberg for their help in obtaining data and preparing this 
report . 



X, TEMPERATURE CORRECTIONS TO HEAT METER 



The electromotive force generated by the thermopile 
element of the heat meter is subject to corrections under 
conditions of use in which the temperature of the heat meter 
differs from the calibration temperature; this difference is 
due to a variation of heat-meter properties (thermal conduc- 
tivity, thermoelectric power, and dimensions) with tempera- 
ture. Steady state unidirectional heat flow conditions will 
be considered in this report* 

syisols 



3 electromotive force generated by thermopile, millivolts 
emf thermocouple electromotive force, millivolts 
d ( e t f ) 

e = — A thermoelectric power of thermocouple, . 
millivolt s / J 
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f c unit thermal convective conductance, 3tu/hr ft 2 °T 

k thermal conductivity of material of which heat meter is 

/ 0/ 

constructed, Btu/hr ft s ( j£ 
n number of pairs of functions in thermopile 
q- 

— rate of heat transfer per unit area through meter in 
A the direction hot to cold Junction, Btu/hr ft 2 

t temperature, °P 

t-; temperature of heat meter indicated by heat-meter thermc 
couple which is located "between laminations of heat 
meter as shown in figure 2, P (also see reference l t 
fig* 1). 

a temperature coefficient of thermal conductivity defined 

1 



"by equation (4) k m k 0 



1 4- a (tw - few ) k ®1 



thermal coefficient of linear expansion of heat-meter 



material, o"^ defined "by equation (5) Ax = 



Ax, 



Ax distance between ho.t and cold junctions of thermopile 
el ement , f t 

At temperature cf hot junction minus temperature of cold 
junction, °1? 

At 1 temperature difference between heat-meter surface and 
ambient air, °F 

T a ambient air temperature, °P 
Sub script s : 

o refers to datum or calibration temperature for heat 
meter 

M refers to heat meter 
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1. Predicted Performance 

Provided the thermoelectric power e is not a function 
of the temperature^ iv provided t^e temperature difference 
At is small , the electromotive force generated "by the 
thermopile element (reference 2) may "be expressed as follows 

E = neAt (l) 

where 

3 voltage generated by thermopile 

n number of pairs of junctions in thermopile 

e thermoelectric power. of a thermocouple 

At temperature of hot junctions minus temperature of cold 
junct i ons 

The temperature difference At is caused by the unit 

in 

heat flow -— through the heat meter and may "be calculated 
A 

"by means of the conduction equation 

& = k ** (2) 

A Ax 

wh ere 

k thermal conductivity 

Ax distance "between cold and hot junctions 
From equations (l) and (2) 

E = no Si (3) 
k A 

The quantity / "\ determines the calibration of a heat 




meter; "because the terns in this expression cannot he pre- 
dicted accurately, it is necessary to calibrate the heat 
meter. 



If the thermal conductivity k and the dimension Ax 
are expressed as a function of temperature 5 



1 * cc(t ;i - trjl (4) 

(5) 



k m k c 

Ax = Ax 0 | i ♦ e(t: : - *m 0 ) 
where 

tt/j and t|| heat -net or temperatures taken to he uniform "be- 
tween hot and cold junctions "because At is 
small 

or. thermal conductivity coefficient defined by 

equation (4) 

P thermal expansion coefficient defined by equa- 

tion { 5; 

tjj temperature of heat meter 

The subscript o refers to some given temperature of the 
heat meter (consider this to "be the datum or calibration 
temperature of the heat meter). 

The electromotive force in millivolts of a silver- 
const ant an thermocouple is 2 

emf = 0.02186 t * 0 # 0000153 t s - 0.715 (6) 

(the reference junction is at 32° t) 

/ ^ ^ emf ) *\ 

The thermoelectric power of a thermocouple ( e = : I ob~ 

\ dt / 

tained by differentiation of equation (6) is 

e m 0.C2136 + 0,0000306 t$j (7) 

Substituting (4), (5), and (7) into equation (o), the 
general relation for the thermopile voltage is J 
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Ax^l + P(t M -t K ) ; q , } 

E = a(Q.02l#6 + O.OOOO306 t. H ) — --• 

k 0 1 1 a(t ir t M 0 ^ 

If, as has "been previously stated, the cs libr^ t ion tem- 
peratur e of the meter is considered to "be the datum, then at 
this (latum equation (S) reduces to: (for tjjj = t|| ) 



S n = a (0,02 1*6 + 0.0000306 t M ) r -2 



(9) 



*o 



An inspection of equations (8) and (9) reveals that for 



a given value of 



1 M 



the voltage generated "by the thermcr.il 



sill he different if the heat meter i 3 at a temperature other 
than that at Which it wa- calibrated. Thus equations (3) an 1 
(9) indicate the manner in which the heat-met er electromotiv- 
force varies with heat-meter t emp'sratur e , An expression for 
this variation in terms of the datum conditions nia'y he oh - 
tained by dividing equation (9) "by equation (S) resulting in: 



E, 



E 



0.0P1S6 4- 0.0000^06 trr J 

: 5*0 

o.eoi?6 4. 0.0000306 t K J 



'(t M -t M ) 



p(t M -t M ) 



(10) 



Suppose that data ^rr. taken vr hcn th^ meter temperature 
t J. is at -GO 0 F and the calibration is known for 

t M = 100° F , The thermal coefficient of ex?** US ion P in 

1 

the ah ove-* mentioned expression is 0 . 0000167 g~ J for the 

abov e-'/r.ent ioned t e&p er^.ture difference , t h 3 expression 

1 

1 4- P(t™ - t*„- ) would change only 0#3 percent f * indicating 
; « i>! o J 

that Ax varies i nap^r ac i ah ly . A survey of the literature 
revealed no substantial data on the thermal conductivity of 
bakelit e « An inspect i on of tables of thermal conductivity 
for other nonmet als indicates that the thermal conductivity 
coefficient a is usually very small. So for the first ap- 
proximation a is considered to be zero, so that tlv thermal 
conductivity k nay be taken to be •? constant. Eav^tion ( 1C 
will now be numerically evaluated. For a given rate of heat 
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flow — and the above-s t at ed temperature conditions, the 



A 



generated voltage at tu = 100 F is 1.24 times the volt- 

o iA ° 

age at tjj = -60 I\ Therefore, the multiplying coefficient 
of 1 o 24 must "be applied to the voltage measured at 
tj* = -60 J "before the data may he evaluated in terms of 
the calibration established at tjj = 100° f 9 For any heat- 
meter temperature equation (10) reduces to: 



E 0 * 



C, 02186 + 0. 0000306 tu 


0, 02186 + 0. 0000305 tv 



(11) 



fo. 02X86 + 0.0000306 t&\ 
Th ° term ^0.02185 + 0.00C0306 »J] in K^tlQii (ll) is de- 

fined as the multiplying coefficient - that is, the quantity 
"by which the heat-meter voltage must he multiplied in order 
to obtain the correct heat rate through the heat meter at - 
the new temperature. 

Figure 1 presents curves of the variation In the multi- 
plying coefficient over a range of temperatures. The curve 
to be used in any particular case is the one which is marked 
with the temperature at which the particular meter calibra- 
tion was accomplished. When the heat meter is used at the 
calibration temperature t|j the multiplying coefficient 

is equal to unity. 



2. Experimental Verification 



In order to determine the accuracy of the prediction of 
the change in the calibration of the heat meter as a func- 
tion of temperature when the calibration at one temperature 
is known, it was necessary to calibrate over a range of 
heat-meter temperatures* Data on heat-meter calibrations 
over a range of meter temperatures from -1° to 129° J were 
obtained as the result of the experiments described below. 

Initial attempts to perform low-temperature calibra- 
tions on the heat meters were unsuccessful; principally due 
to the fact that the first cold chamber used was too small 
resulting in large free convection currents. This flow 
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condition created a vertical temperature gradient along the 
heat s&eter making it impossible to obtain a calibration.* 

The use of large constant-temperature cold rooms became 
necessary, A typical lov/-tenperature room is shov/n in fig- 
ure 3. 'To prevent sudden large drops in temperature in the 
inner room upon entering fror.?. the aisle which is at room 
temperature, an anteroom is situated between the aisle and 
main roon, The temperature of the anteroom is somewhere be- 
tween that of the main room and that of the aisle. The tem- 
perature of the rooms is thermostatically controlled, and 
the refrigeration is accomplished by the circulation of 
brine. The control was generally within ±1° F . 

Calibration data wore taken in three cold rooms the tem- 
peratures of which were maintained at -30°, 0°, and +20° F. 
The calibration heater with the two heat meters mounted upon 
it as schematically shown in figiire 2 was placed upon the 
concrete floor of the cold room. The control panel including 
rheostats, meters, and potentiometer was located in the aisle. 
Power leads, thermocouple leads, and voltmeter leads from the 
calibration heater to the control panel were brought out in a 
cable. This arrangement made it possible to operate the 
eo/uipment and take data in the aisle; it was only necessary 
to enter the cold rooms when assembling or dismantling the 
equipment. The center of the room probably would have been 
a mere desirable location for the calibration heater; how- 
ever, the presence of other material and equipment in the 
room made this impossible. 

The two heat meters, UC-21 and used in the check 

calibration possessed the came datum calibration of 19.5 
Btu/hr ft 2 mv at few « 104" P. These heat meters were cal- 

ibrated under the three different given temperature condi- 
tions. The experimental multiplying coefficient for the new 
temperature was obtained by dividing the thermopile voltage 
at its datum temperature by the thermopile voltage at the 
new temperature for a given rate of hoat transfer. Table I 
exhibits the calibration rosiilts in the 1 ow- 1 emperatur e 
rooms. 
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TAB IS I 

SXPIRIMBFPAL AFD PR3DICT2D MULT I ? 1 Y I 1TG- COU?ICIIOT 8 
A3 A FffHCTION CF KBAf-tClZlB TBMPBSATUSI t v 





Heat-met er 




Ex . er int ent &JL 


Predict ed 




t emp eratur e , 


** 


nu 1 1 i p lyin g 


mult lp lying 








co af f ici cut 


coefficient 1 




( °p) 








Meat meter UC-21 








1.107 


1 . 1%2 




12 




1.077 


1.122 








1 . 100 


1 .076 








1.090 


1 . 070 




63.5 




1 . 090 


1 .050 






He 


at meter UC-22 






1 




1 . 107 


1.1H0 




16 




1.077 


1.117 




ttg 




1 . 000 


1 . ^70 




50.5 






1 . oS S 




69.5 




.9S6 


1 . 0-i 0 




^From eque 


t ion 


(11) 





(11), 



The predicted, multiplying coefficient given in actuation 

0.0P1S6 * O.OOOO3O6 t M 



0.0218b + O.OOOO306 t 



is slotted together with 



M J 



the experimental multiplying coefficients in figure 4 . 
Since both heat meters (UC-P1 and UC- 22) were calibrated at 
t v = loU° 3T with a resulting calibration constant of 
K o 

19 # 5 Btu/.hr f t a flW, onl^ one predicted carve for the multi- 
plying coefficient resulted. The ex- • i iment n 1 points scat- 
ter on both sides of the pre4ieted curve viith a maximum de- 
viation of about 7 percent. The spread of the points which 
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exhibited the greatest deviation from the predicted curve 
can he attributed to the fact that experimental data were 
taken in rooms subject to varying temperature conditions; at 
times It was necessary for the personnel of the laboratory 
to enter these low-temperature rooms, and thug sudden tem- 
perature transient g resulted. 

When the two heat meters and the whole calibration unit 
had reached the steady state of heat flow, the proper data 
for calibration were taken. If, during the calibration, the 
air temperature suddenly varied due to air currents, a tran- 
sient state of heat flew resulted* If readings were made 
during these transients, errors resulted* The variation in 
temperature distribution under these conditions will he con- 
sidered in a forthcosin^ report. The maximum variation ob- 
served in the thermopile voltage reading was ±2.5 percent. 
Ihe maximum variation in the reading of the thermocouple 
located under the first lamination of the hoot meter wa« 
^O.d percent. In the calibration of the heat meters one 
postulate made is that the sum of the air-heat meter inter- 
face resistance plus the first heat-meter lamination resist- 
ance is the same for both heat meters. (See fig t 2.) The 
calibration constants of the two heat meters v/ere obtained 
by apportioning the rates of heat flow in terms of the tem- 
perature potential across the resistance which includes the 
air-heat meter interface and the first heat-meter lamination. 
These thermal resistances were considered e^ual for both 
heat meters. However, when one of the two heat meters being 
calibrated has a greater surface temperature, the air-heat 
meter interface resistance is less for that heat meter since 
the unit thermal conductance for free convection and the 
unit thermal conductance due to radiation are proportional 
to the difference in temperature between the surface and 
ambient air temperatures. The variation in the unit thermal 
conductance for free convection and radiation which resulted 
during the calibration runs was &3 percent • The variation 
in the value of the unit thermal conductances along the heat 
meters during the calibration test causes a slight error in 
the magnitude of the heat-meter calibration constants. 



The composite effect of these experimental variations 
can be shown to be as great as ±7 percent. 
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II. OOUTAOI AiTD HEAT-IIET3R RSSISTA1TC3 CORRECTIOITS 



'.Hien a heat raeter is placed in a thermal circuit, a 
correction mist "be applied to the measurement of the rate of 
heat transfer through the heat meter to yield the rate of 
heat transfer which occurs without the heat meter in the 
circr.it „ 

SYMBOLS 



f unit thermal convoctive conductance from heat m e ter to 
fluid at temperature T 3tu/hr ft s °7 



c o 



1 1 



unit thermal cenvective conc.uctanco fror. wall to fluid 
at temperature t c , Btu/hr ft 3 °F 

equivalent unit thermal con:luctance for radiation from 
the heat meter to surroundings , Btu/hr ft °F 



0.173 3Path 



Vioo/ Vioo/ 



f r equivalent unit thermal conductance for radiation from 
o 2 o 

wall to surroundings i Btu/hr ft f 



°- 17S *4vm) " Irw. 



rate of heat transfer per unit area through the. he a- 



meter, Btu/hr ft" 

jL& rate of heat transfer per unit area through w all when 
* meter is removed, Btu/hr ft* 5 

Rjl thermal resistance of core and outer lamination of heat 
meter, °f/Btu hr 
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t|» temperature of heat meter given "by the heat-meter 
thermocouple , U 3T 

t w temperature of the portion of the wal 1 covered "by the 
neat meter, F 

t w ! temperature of the wall adjacent to heat meter, but not 
covered by it, °F 



AH 



c o r c 



) - Cf 0 , * f r .) 



(f c + f r ) (f c + f r ) 



t temperature of fluid on far side of wall. °3P 
a 1 

T Q temperature of fluid on near side of wall (side of wall 

on which heat meter is placed), f 



modulus which includes effect of emi s s i vi t i e s and geo- 
metrical configuration of radiating "bodies in equa- 
tion for f r 

T-j 1 absolute temp oraturo of cuter surface of heat meter, °R 

0 

T s absolute temperature of surroundings, H 

A area through which heat is being transferred, ft 3 

f p / x local or point unit thermal convective conductance 

°I (point ) 

from heat meter to fluid at temperature T , 
Btu/hr ft 2 °1 

U$ free-stream velocity of fluid across heat meter, ft/sec 

i o 

t t.j 1 temperature of outer surface of heat meter, I 1 

C- weight rate of fluid per unit of cross-sectional area 
= ( u a y 3600) , lb/hr ft 2 

Two methods of making the above-mentioned corrections 
are derived in reference 1. Correction method I may be ex- 
pressed as follows: 
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is. 

A 



T - t 1 

a w 



(12) 



Correction method II may be expressed as follows S 



12. 
A 



A 



1 - 



A 



t - t., 

w M 



+ AR M + A AH 



(13) 



It is desirable to know some of the 
use of the two correction equations (12) 
important to recognise wh i eh of the two 
is usable as a function of the location 
(on air**etr earn side or still- air side). 



limitations on the 
and (13). It is 
correction methods 
of the heat meter 



It is also necessary to know how large the heat-trans- 
fer correction for heat-meter and contact resistance is when 
the heat meter is fastened tig htly against the cahin wall of 
an airplane in flight t 

Because the equation for correction method I requires 
the measurement of three temperatures , it is important to 
locate the heat meter so that these temperature measure- 
ments can he made accurately. In using correction method II 
the evaluation of the term AH in equation (13) requires 
consideration* If the unit thermal conductance due to con- 
vection and the equivalent unit thermal conductance due to 
radiation of the w a 1 1 arc the samo as the unit thermal con- 
ductance due to convection and the equivalent unit thermal 
conductance due to radiation of the hoat-me t er surface, the 
quantity AH is equal to zero. In some cases these con- 
ductances along the wall surfa ce may bo different from the 
corresponding conductances along the h o at -mo tor surface . in 
which case the term AH may he estimated. Of course, if 

the unit thermal conductances (f„ . f- ) in the term AH 

°o 1 o 

are accurately known, it is not necessary to use a heat 
meter as a means of measuring the rate of heat transfer, as 
the heat transfer may he calculated from the known conduct- 
ance and the temperature potential (wall temperature minus 
contiguous-fluid temperature). In most cases when the unit 
thermal conductances are not accurately known, approximate 
values can "be used to evaluate the term AH to he used in 
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The correction methods I and II were checked for a typ- 
ical system of heat loss from an uninsulated airplane cabin 
in flight. The unit thermal conductance for free convection 
and radiation is approximately 2 Btu/hr ft 3 °3T inside the 
cabin; whereas, the unit thermal conductance for forced con- 
vection and radiation on the outside may "be from 6 to 30 
Btu/hr ft 2 JP. To simulate the above-mentioned conditions 
hot air v/&s "blown through a duct at such a velocity as to 
produce a unit thermal conductance for forced convection and 
radiation of about 6 to 10 3tu/hr ft 2 °F. The outside of 
the duct was exposed to still air yielding a unit thermal 
conductance for free convection and radiation of about 3 
Btu/hr ft 2 P. The heat meter was placed on either side of 
the duct wall exposing the instrument either to the air 
stream or still air # On the still-air side, spacers were 
placed between the heat meter and the wall in order to deter- 
mine the effect of the method of heat— meter attachment or 
Character of the surface upon which the meter may be placed. 
Figures 5, 6, 7, 8, 9, and 10 present photographs of various 
views of the duct and of the heat-meter mountings. Pour 
thermocouples attached to the duct-wall surface and spaced 
around the heat meter were used to obtain an average tempera- 
ture of the wall adjacent to the heat meter but not covered 
by it. It was necessary to average the four surface tempera- 
tures because of the existance of small temperature gradients 
upon the surface of the duct wall* The temperature of the 
duct- wail surface under the heat meter was measured with a 
thermocouple mounted upon the surface* Duct*- wall surface 
temperatures were obta.incd accurately to &0©l g P. The mixed 
mean temperatures of the hot air being blown through the 
duct wore also measured to z:2.C° JP, 



RESULTS 



When the heat meter was fastened to the still-air side 
of the hot-air dur.t wall without a spacer between the wall 
and meter, the faeao~transf er correction due bo contact and 
heat-meter resistance was a maximum cf 7 percent using cor- 
rection method I anJ 1 'J per c Mil using correction method II. 
The emi s si vi t 3 e s h and thus the values of f r and t Tt , of 

the heat met oi ard adjacent di^ct-wall surfaces were known; 1 

i In an attempt to make the emissivit ies of the duet- wall 
and heat-met ei surfaces the same, both were painted with one 
coat of f lat-'black paint. The emissivities of the two 
(Oonti 
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the unit thermal convective conductances f „ and f n 

were "believed to he equal and known approximately, thus the 
quantity AR In equation (lo) was evaluated* 

With the heat meter on the sti ll-air side , hakelite 
spacers of l/64, 3/64, and 5/64 inch in thickness were used 
to vary the contact or air gap resistance for a constant 
rate of heat loss from the duct wall* The rate of heat 
transfer through the heat neter required a correction of 33 
percent when the air gap between the duct wall and the heat 
motor was 5/64 inch, evaluated according to correction meth- 
od I. Correction method II was not used for this case he- 
cause the values of the emissivities used to evaluate AH 
were not known. 

When the heat meter was placed on the hot-air side of 
the duct wall (without a spacer) a maximum correction due to 
contact and heat-meter resistance, to the rate of heat trans- 
fer through the heat meter, of 5 percent was needed, using 
correction method I. The corresponding correction using the 
correction method II was 7 percent. The unit thermal con- 
vective conductances (f c and f c ) were estimated by means 

* c 

of equations (23) and (34) of reference 3, The equivalent 

unit thermal conductances due to radiation (f r and f r ) 

x i o 

were zero because the air duct was at a uniform temperature. 
Tabulated results are shown in tables II and III. 

DISCUSSION 

If the heat meter is attached to the airplane cabin 
wall on the a i r-s t r earn side, the unit thermal conductance 
f c along the wall would be different from the f c along 

the heat meter due to the fact that the air flowing over the 
heat meter would initiate a new retarded layer (reference 4). 

(Continued from preceding page) 

painted surfaces wore then determined experimentally and 
wore found to deviate from each other by 5 percent. Appar- 
ently the surface asperities of the metal wall a&& the bako- 
litc were not completely covered by the paint. 
#«> _ 

65 if the heat meter is placed on the still-air side, the 
f c along the wall and along the meter also may differ. Even 

though this difference probably would be snail, its effect 
may be large due to the fact that the f c 1 s of small value 
are the controlling resistances to heat transfer. 
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Date?, on heat-meter and contact resistance correction 
were t ale en when the heat meter was placed on the air-stream 
side of the duct v/all. In an attempt to make the unit ther- 
mal conductances due to convection (f c and equal, a 

"beveled approach section 1 inch in length was joined to a 
4:^2- "by 4^2-inch heat meter. 



1 



Air stream 



< — Beveled approach section 

1 

1 { TTT 



/ / / ./ /Duct wall 



j*- 1" -*(*- 



Still air 



1IACA AHH l*c # 4H09 



17 



°-c /A 

Iho valuo of was obtained by using correction meth- 

q.t|/A 

od I, equation (12). The equivalent unit thermal conduct- 
ances due to radiation (fr a ^r 0 ) were appr oximat ely 

equal to zero "because the inside duct surfaces were at a 
uniform temperature. Upon making these substitutions into 
ocua * ion (13) the percentage difference between the unit 
thermal conductances duo to convoction along the meter f c 
and aion^ the wall f n v/as found to he about 70 percent 

(based on fco)« attempt was made to predict this devia- 

tion by equations (23) and (24) of reference 3. The unit 
thermal convective conductance along the duct wall was eval- 
uated from an equation for flow in a straight smooth duct. 
The unit thermal convective conductance along the heat meter 
was evaluated from an equation used for the flow along a 
flat smooth plate. The predicted percentage difference be- 
tween the f q 0 and f c obtained in this manner was 63 

percent. 

An inspection of the term AH in equation (13) reveals 
that this term may be either positive or negative depending 
upon the magnitudes of the thermal conductances (£ Cq , f c t 

f ^ , and f y ) . If is negative, the added thermal re- 

sistance in the circuit is reduced. 

During some of the tests when no spacers were placed 
between the heat meter and the duct wall, excessive pres- 
sures wore applied to the heat meter. Under these condi- 
tions the correction to the rate of heat transfer due to ■ 
heat-meter and contact resistance v/as about 1 percent. 



CONCLUSIONS 



1. When the contact and heat-meter resistances are 



small conpared to the remainder o 



ne z 



hernial resistance in 



the circuit, the correction quantities 
1 _ . 



T a ~ V 
T a * *w 



or 



r /A 



1 - 



t a c 1 



t - txs 



c,/A 



+ AHr; + A£R 



are very close to 
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unity. The maximum correction needed for the data taken in 
the laboratory without a spacer was 10 percent. Thus, if a 
heat meter is attached tightly to an airplane wall so as to 
yield a small contact resistance, and if one of the two unit 
thermal conductances is approximately 2 3tu/hr ft 2 F (still 
air side), only a 10 percent error will occur if the correc- 
tion to the heat rate indicated "by the meter is not applied. 

.o. One condition necessary in using correction method I 
is that the temperatures present in equation (12) must be 
measured accurately. The accuracy necessary depends upon 
the magnitude of the heat-meter and contact resistance cor- 
rection, When the quantities (f a - t w ) and (t a - t V7 1 ) in 

equation (12) are small and very nearly the same, a slight 
error in the measurement of t v or tw' will yield a large 
error in the heat-meter and contact resistance correction. 
The heat meter prooahly should be placed upon that side of 
the wall opposite to where the fluid temperature T a can "be 
evaluated most accurately. The temperature differences 
(T a - t w f ) and (f a - t V r) are the largest when the heat meter 
is on the side of the wall contiguous to the fluid having 
the highest unit thermal conductance. However, for this con 
&itiO» the flow of heat around the heat meter will he 
greater. 3 

3. If the term AB in equation (lo) is equal to ^ero, 
it is a simple matter to use correction method IX, If an 
airplane cahin wall is equipped with insulation, the hest 
place to put a heat meter is "between the cahin wall and the 
insulation, because in this case the term A3, is equal to 
zero. Also, if a heat meter is mounted on the inside of an 
airplane caoin wall and the cahin is at a-unifora tempera- 
ture and no forced convection currents exist, the equivalent 
unit thermal conductances due to radiation along the heat 
meter and along the Wall adjacent to the meter (?r 0 an ^ 

v/ill "be nearly zero, and the corresponding unit thermal con- 
ductances due to convection (f<* and f c , ) are nearly the 

Correction methods I and II have "been derived on the 
"basis of unidirectional heat flow, If the thermal resist- 
ance of the added heat-mete? and contact resistance is 
large enough so that an appreciable amount of the heat flows 
around tho heat meter rather than through it, equations (12) 
and (i3) alone can no longer he used; additional corrections 
describing this phenomenon must "be applied. 
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same; thus the term &R, of equation (13)1 is nearly ?ero. 
If the unit thermal conductances contained in the term £R 
are approximately known, the correction equation ( 13) can ^ e 
utilized "by using these approximations in the evaluation of 
AS. If the temperature differences (t - t y ) and (T g - t v; ! ) 

in the correction equation (12) are small, and if ths accu- 
racy in measuring the temperatures t y and t w 1 is not 



adequate, large errors in the ratio 




may occur; 



tinder these conditions correction method II must "be used 
even if AR is only very approximately known* An evalua- 
tion of this correction method "by a trial and error tech- 
nique ia presented in the appendix . Also a sample calcula- 
tion of the acquired data is presented. 

4. If temperature gradients exist upon a surface 
through which the heat transfer is being measured "by means 
of a heat meter, the temperature of the surface adjacent to 
the heat meter (t^ 1 ) must; ho determined by avo ragi n^; the 

t emperatur es measured hy several thermocouples spaced 
equally around the heat meter. 

University of California, 

Berkeley, Calif., IT ov ember 1 9 ^ r 3 ♦ 



APPEJJDIX 

The following is a sam-r.le calculation illustrating hov/ 
the rate of heat transfer is corrected for contact and heat- 
meter resistance. The data from Run d-5 0- tAble III will 
he used, 

t„ - lHl.RO j 

M 

t v/ - 133.7° » 
. t ' = 136.^° F 
T „ = 79. 5° ? 



a lUS° F 
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2C 



Hi 



A 

AR 



... 2 



-J* = 6S.4 Btu/hr ft 



2 0 

0.010 £i 2L (obtained from calibra- 

3tu/hr tion for this partic- 
ular heat meter) 



Using Ilethod I: 



q.:r 
A 



To 



_ f 1 

U W 



(12) 



1o 



a 



A 



79.5 - 136.4 



79.5 - 133.7 



56, 



54. a 



= 1.05 



If the temperature differences in correction equation 
(12) were small and if the accuracy In measuring the tem- 



peratures » w 



the ratio 



t V7 and fc w * were not adequate, large errors in 
T„ ~ t v; »\ 

might occur; under these circum- 



stances the following trial and error solution can "be used* 



The term (f, 



+ f 



the quantity AS is estimated. The 



term Jf 0 + *r a 3 is known "because the heat transfer through 
the heat meter and the heat-meter surface temperature and 
ambient air temperature differences are known. From the ap- 
proximated tern AH thus obtained, the correction ratio 



can be evaluated. Since the rate of heat transfer 



through the wall and a corresponding difference In tempera- 
ture between the wall surface and the ambient air are known, 
a calculated value of the term (f G + f r ) can be obtained. 



itimated value of (f. 



) 



Thus by trial and error the o s t> ima"& oo. vaiuc ui uc 0 T a Tq 

is adjusted until it is equal to the calculated one; hence 
the term AS. can be evaluated. 
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By the \ise of the equation for the unit thermal convec- 
tive conductance for straight smooth ducts (reference 3, 
equations (33) and (24)) the term f c was estimated to be 
near 7 Btu/hr ft 2 °F. 

First Trial 
(f CQ + f ro ) = 7 Btu/hr ft 2 J 

v/h ere 

f r , = 0 

Hi' = (*«' - Hi) + fe* = c ' 7 + 141.5 = 142.2° f ■ 



WO ere 



111 

= A * 66^4 = lia 3t . a / hr ft 3 ° F 

01 T„ - tw« 143 - 142 



c 

or 



( f c a + f r,) " H f l 3tu/hr ft 2 °? 



since 

f 5 0 



.-. AAE = 



(fc 0 + f ro ) - (fc. + frJ 
(f c + fl TCf7 + fT ) 



7 - 11.1 
(7) (11.1) 



•0. 053 



Prom equation (13) 



in 

A 



1 - 



5* 

A 



T a " T C 



/>»» " **1 



\ 



+ AR M + AARj 
/ 

/ - 



MCA All No. Hhog 



i _ 



66. U 



79.5 - lUs p 66.^ 



+ c.oio - 0.053 



= 1 . OS 



M 



.-. 2° = 5m (1>0 g) s (G6.H) (l.og) = 71.6 3tu/lr ft 2 
A A 

cut 



(f 



f. ) = = 11a2~ = 5.06 Btu/hr ft 2 °P 



0 0 



and the trial value was 7 . 00 Btu/hr ft" B I 



try 



w here 



Second Trial 



(f_ + f_ ) = 5.B Btu/hr ft 



R 8 - 'I i 1 

• • ft.Al = 2: i-ii = -0.0S2 

(5.80(11.1) 



2 



From equation (13) 
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■ 1 • 05 



q q v 

~ = ~ (l.05) m (56. 4)(1. 05 ) e 69.5 Btu/hr ft 3 
lo 

(f c + f r ) « A m $g*g b 5.3 Btu/hr ft 3 °F 

"° ° T c - t w l 143 - 135 

The second trial value of (f CQ + f r ) was 5.8 Btu/hr ft 3 °P 
so that the value of 

— = 1,05 

Ik 

A 

is correct. 
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SABLE II.- SUMMARY OF EXPERIMBNTAL DATA 



•tuin a 


w w 


q M 
T 

(itu/hr 


T 

c 


H 


G=U!7(3600) 


rieAi»a.r -^s 


(°F) 


(°F) (°F) 


ft 2 ) (°F) 


(°F) 


(lb/hr ft") 




A. 


Heat meter on 


still-? 


>.ir side 








a-1 177 
2 17S 

4 178 

5 ISO 

6 ISO 


I65.O 164.0 
165.O 164.4 
169.0 166.0 

16s. 0 167.0 
169.0 16s. 7 


12? 

1U0 

103 
121 

139 


84 
84 

su 


IUp.5 
I5O.6 

135. s 
IU5.O 
151.0 


10,500 
10,500 
10,500 
10,500 
10,500 





-1 179 161. c 160.0 

2 1S1 160. S 159.5 

1+ 186.5 165.i1 165.4 

5 189.5 168.5 16S.2 

6 194 167.5 167.5 

8 187 loS. 1 168.0 



133 


S3- 5 139.0 


11,530 


133 


83.5 139.6 


11,520 


146 


88.0 151.9 


11,530 ^ 


1U2 


88.5 152.1 


11,520 / 


15U 


S9.0 151.0 


11,580 


156 


89.2 150.1+ 


11,580 



A relatively large 
amount of pressure 
was -out upon the 
heat meter. 



c-2 160.0 141.5 3,i4O*0 
3 159.0 141.2 139.8 

1 4 159.0 1U0.1 139.0 
5 159.5 lUi.a i4o.o 



110 
107 
121 
119 



81. 5 130.U 
82 129.7 
82.5 131.5 

S3 133.5 



11,070 I 
11,070 I 
11,070 ( 
11, 070 J 



The surfaces of 
the heat meter and 
vail were painted 
with flat-black 
paint . 



B. Heat meter on air-stream side 



d-2 

u 

I 5 



78.0 145.0 146.8 
79.0 143.5 145.5 
79-0 133.0 135-4 
79.5 133.7 136.4 



71.0 
72.0 
66.0 
66. 4 



162 142.2 
161 151.5 
146,6 140.2 
148 141.5 



6,720 
6,720 
9,510 
9,510 
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Hun 



Correction Correction Spacer 



method I 



method I! 



(in. 



Remarks 



Heat meter on still-sir side 



a-l 


1.08 


2 




k 


1.33 


5 


1.08 


6 


1.03 



1/6U 
5/6!; 
3/64 
i/Sh 



fc-l 


1.06 


3/6:1 


2 


1.07 


3/6- • 


U 


1.00 


l/Sk 


5 


1.01 


1/64 


6 


1.00 


0 


s 


1.00 


0 



A relatively la r&e ar.ount 
of pressure was put v.pon 

f 

i the heat meter, 
f 













c-2 


1.0s 


1.13 


1/6U | 


The surface* Bt the heat 




1.08 


1,1& 


1/64 I 


met^r gad the vail were 


k 


1.06 


1.10 


0 i 


painted with flat-black 


R 


1.07 


1.09 


0 I 


p? in t • 


! 3 


Heat meter 


on alr-.str.ajn 


side 




d-2 


I.03 


I.03 


0 1 




3 


1.03 


1.0U 


0 1 


The hot-air rrte 


U 


1,0U 


1.06 


0 r 


If a 8 varied. 


5 


I.05 


I.C7 


0 1 





Correction method I 



(1 



L a 



3 ^ 



Correction method _ 



A 



A 



1 - 



H - t; 



+ AH:.' + AA 



(13) 



/J 
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Figs. 3,4 
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Fig. 4 -Experimental and Predicted Multiplying Coefficients as a Function 
of Heat Meter Temperature for Two Typical Bakelite Heat 
Meters. 
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Figs. 5,6,7,8,9,10 





Figure 5,6.- The heat meter and its clamping device as view- 
ed inside a section of the duct work. 





Figure 7,8.— The unassembled hot air duct. 





Figure 9.- The traversing 

thermocouple 
used to obtain a tempera- 
ture distribution of the 
hot air. 



Figure 10.- The heat meter 

and clamping 
equipment as attached to 
the still-air side of the 
hot air duct. 



